Abstract. In this paper, we first analyze the performance of GMSK against partial-band interference in short-wave and slow-frequency hopping. Numerical simulation results show that when the ߛ value is different, the BER of the BER varies with the SIR. When ߛ is small, the BER of SFH/GMSK is smaller than that of SFH/MFSK under the same conditions. When ߛ is large, the BER of SFH/GMSK is smaller than that of SFH/BFSK, but larger than the BER of SFH/4FSK. Then we analyze the anti-multipath interference performance of GMSK in short-wave slow frequency hopping, and choose Rayleigh fading channel and Rice fading channel for simulation. The flat fading and frequency selective fading are used in Rayleigh fading channel respectively. The simulation results show that in Rayleigh multi-path fading channel, SFH/GMSK anti-multipath fading performance is better than SFH/MFSK; in Rician channel, the larger the K value is, the smaller the error rate is. Finally, three kinds of diversity combining methods are added to a frequency-selective fading SFH/GMSK short-wave channel system. The simulation results show that compared with the bit error rate of multipath channels, by combining multipaths the system performance of bit error rate can get 2dB improvement.
Introduction
Frequency-hopping communication has good anti-interference, low probability of interception and strong networking capability. It has been greatly developed in the military field. Radio frequency-hopping technology has been widely used in military communications and has greatly improved anti-interception and anti-interference capabilities of military equipmen [1] . However, in modern warfare, not only voice information is required to be transmitted, but also a large amount of data and video information are required to be transmitted at a high speed. Since short-wavelength channels have characteristics such as multi-path effect and band limitation, conventional short-wave frequency hopping systems employ MFSK and other modulation methods for high-speed data. Transmission can no longer meet the demand. Gaussian minimum frequency shift keying (GMSK) method has the advantages of good spectrum utilization efficiency, good anti-jamming performance, and non-coherent demodulation, so it has been widely used in mobile communications [3] . Under the fixed channel bandwidth, using GMSK modulation can give higher data transmission rate than using FSK or MFSK modulation [2] . Therefore, this paper will explore the anti-jamming performance of GMSK in short-wave frequency hopping.
In this paper, the principle and implementation method of GMSK/SFH for slow frequency hopping short-wave communication system based on GMSK modulation are presented first, and a basic mathematical model is proposed. The BER performance of adding frequency hopping and not adding frequency hopping is analyzed. Then we verify that frequency hopping communications has good anti-jamming capability as follows. Firstly, the 1-bit DPD demodulation algorithm based on sampling decision and the 1-bit DPD demodulation algorithm based on Viterbi algorithm are compared and analyzed. The BER performance is obtained through numerical simulation. Secondly, the performance of GMSK/SFH under partial-band interference and the characteristics of multi-path delay for short-wavelength channel are studied. The performance of GMSK/SFH under multipath interference is studied. Finally, in order to further study the performance of multipath delay on system performance, the degree of influence is given by a model based on ideal compensation at the receiving end. The simulation results show that the system's BER performance is significantly improved.
System Model of SFH/GMSK
The block diagram of the shortwave SFH/GMSK system is shown in Figure 1 . In the figure, the information modulation uses the GMSK method to demodulate the 1-bit differential phase demodulation scheme used. Suppose that ܽ ത = (… , ܽ ିଶ , ܽ ିଵ , ܽ , ܽ ଵ , ܽ ଶ , … ) and send ܽ ∈ {+1, −1} in the message sequence [4] . After the GMSK modulated signal ܵ ீெௌ ‫)ݐ(‬ becomes [3] 
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where ‫ܧ‬ is the symbol energy, ܶ is the symbol width, ∅(t, ܽ ത) is the information sequence, ܽ ത is the modulation phase function, g(t) is the unit rectangular impulse response of the Gaussian low-pass filter with the expression [2] . .
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Here ‫ܤ‬ ܶ is the normalized 3dB bandwidth of the Gaussian filter. Its value affects the spectral characteristics of the GMSK modulated signal. The smaller the value of ‫ܤ‬ ܶ , the more severe the intersymbol interference (ISI), resulting in an increase in the bit error rate [5] . After the frequency synthesizer the output of frequency hopping signal ‫)ݐ(ݏ‬ can be expressed as [3] .
where ܰ is the number of symbols in each hopping interval, ‫)ݐ(‬ is a unit rectangular pulse of width ܰ ܶ, ݂ is the carrier frequency in the ݅th hopping interval, and ߠ is the ݅th hop, the initial phase of the carrier within the frequency interval, a random variable whose value is uniformly distributed within [0, 2π]. The signal ‫)ݐ(ݏ‬ passes through the shortwave channel and is sent to the receiver. Assuming that the two sides of the frequency hopping communication completely achieve synchronization, and considering only the influence of the phase information and the phase components introduced by the additive white Gaussian noise (AWGN) of the short-wave channel, the solution of the ‫)ݐ(ݏ‬ signal in the ݅th frequency hopping interval, the jump signal is [3] ‫ݎ‬
where
ݐ(‬ being the phase component introduced by additive white Gaussian noise. The ‫ݎ‬ ‫,ݐ(‬ ܽ ത) signal is first filtered out of the out-of-band noise by the receive filter, then multiplied by the original ‫ݎ‬ ‫,ݐ(‬ ܽ ത) signal after delay and phase shift, and finally passed through a low-pass filter to obtain a 1-bit DPD. The output is
The final output signal ‫)ݐ(ݕ‬ is sampled by the sampler.
Analysis of Anti-jamming Performances

Anti-partial Band Interference
Frequency hopping communication realizes communication by changing the carrier frequency determined by the sender and the receiver and carries the frequency hopping of signal messages in a wide frequency band against communication interference [6] . Part of the band interference refers to the situation when the interferer concentrates the interference power of the jammer on a certain part of the frequency band of the frequency hopping signal [7] . The effect of partial band interference on the frequency hopping system and the bandwidth of the interference are related to the percentage of the entire frequency hopping bandwidth [7] .. Interleaving and error correction coding have a certain effect on the frequency-hopping system against partial-band interference, but when the frequency-hopping system is occupied by a certain proportion of the number of channels that are interfered, the curve of BER varies with signal-to-noise ratio. The exponential relationship becomes a linear relationship, and its ability to resist interference is greatly reduced, which in turn causes serious interference to the frequency hopping system and causes signal interruption. Therefore, the effect of the use of the partial band interference on the frequency hopping system is better than that of the full band interference.
In the following equation, ܰ ் is the total power spectral density generated by the background noise and interference, ܰ is the power spectral density of the background white noise, and ܰ is the power spectral density of the interference noise, ܰ ் = ܰ + ܰ , ܵ is the signal average power, and ܲ ௧ is the thermal noise power total signal to noise ratio [8] 
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is the signal-to-noise ratio (the ratio of the average power of the signal to the power of the background noise) and ε = ா ್ ே is the signal to interference ratio (the ratio of the average power of the signal to the power of the interference). Bring these two terms into Equation 6 to get
Then the error rate of partial band interference is [8] 
, which is the proportion of the frequency bandwidth of the frequency band in the frequency hopping system.
According to the channel frequency selection characteristics, multipath channels can be divided into flat fading channels and frequency selective fading channels. In general, multiple signals arrive at the receiver first and then have a relative delay. If these relative delays are much less than the time of one symbol, it can be considered that the multiple signals arrive at the receiver almost at the same time. In this case multipath will not cause interference between symbols. This decline is called flat fading. The flat fading channel condition is
where ܶ ௌ is the signal period, ‫ܤ‬ ௦ is the signal bandwidth, ߪ ఛ is the rms delay spread of the signal, and ‫ܤ‬ ଵ is the relevant bandwidth of the multipath channel. If the relative delay of the multiple signals is not negligible compared to the time of one symbol, then when the multiple signals are superimposed, the symbols at different times will overlap, causing inter-symbol interference. This fading is called frequency-selective fading and the condition of frequency-selective fading channels is
(10) From the frequency shift point of view, different frequency components experience different fading. From the time domain, the channel delay is extended more than the symbol period. Through the combined effect of multipath effects, the receiving end obtains several resolvable paths. The path contains several unresolvable paths. Therefore, with the same signal sent, the receiver will receive a number of different delay signals with the same signal arriving at different times, which will cause interference and result in a serious distortion or inter-code interference. From the above analysis, we conclude that the frequency selective channel is composed of multiple flat fading channels with different delays.
As the complexity of the channel increases, the number of multipaths also increases. The larger the number of multipaths, the greater the system error rate [8] . In this paper we only consider multipath 3 channels. Figure 2 shows the simulation model of a frequency-selective Rayleigh fading channel. The Rayleigh fading experienced after the delay can be achieved by combining multiple independent flat fading channels. The impulse response of the multipath channel is [9] ݄(߬,
Rayleigh Fading Channel.
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where ݈ = 0, 1, . . ., ‫ܪܥ‬ − 1 is the number of multipaths, ݃ ‫)ݐ(‬ is the ݈th delay component, a complex Gaussian process whose power spectrum is the Doppler spectrum of the ݈-path, and ܲ is the power of the first path delay. The signal after passing through the channel can be expressed as [9] 
where ݃ ‫)ݐ(‬ is a flat fading channel. To establish a frequency-selective fading channel, one must first generate a mutually independent flat fading channel ݃ ‫)ݐ(‬ that obeys the Rayleigh distribution.
Rice Fading Channel. In the wireless channel, the Rice distribution is a type of function distribution used to describe the time-varying characteristics of the received signal envelope. Its probability density function is
where ‫ݎ‬ is the envelope of the received signal, ߪ ଶ is the variance of the multipath component, ‫ݏ‬ ଶ is the power of the main signal, and ‫ܫ‬ is the first 0th-order modified Bessel function. The Rice distribution has a very important parameter K (Rician factor) which represents the ratio of the power of the main signal to the variance of the multipath component and is used to measure the effect of the dominant path
(14) when ‫ݏ‬ = 0, K = −∞dB, the multipath fading is the largest and the Rice distribution becomes the Rayleigh distribution. When K = +∞dB, there is no fading.
Numerical Simulation Analysis
In this paper, a shortwave SFH/GMSK simulation system model is established using MATLAB, and the performance of a 1-bit DPD demodulation scheme based on a sampling decision decoding algorithm is numerically simulated.
The parameters used in the SFH/GMSK simulation model are as follows: carrier frequency is 32 kHz; ‫ܤ‬ ܶ is 0.5; modulation index is 0.5; ‫ܤ‬ is the normalized 3 dB bandwidth of the Gaussian filter; the frequency hopping frequency is 32; the center of frequency hopping frequency is 18MHz; frequency hopping bandwidth is 1MHz; skip rate is 40 hops/s; there are 8 symbols per hop.
The BER of SFH/GMSK added to the partial band interference is shown in Figure 3 . The figure shows the BER curves when γ is 0.01, 0.1, 0.3, 0.5 and 1, respectively. As can be seen from Figure 3 , as the SIR ratio increases, the SFH/GMSK bit error rate will decrease. The larger the γ value, the greater the bandwidth occupied by the interference band, the stronger the interference effect to SFH/GMSK, the larger the error rate. When γ ≥ 0.3, the error rate for the SIR less than 0 is greater than 0.1, and the interference effect is better at this time. Therefore, if we want to achieve a better interference effect, the interference noise band accounts for more than 30% of the entire frequency hopping bandwidth. It can also be seen from the figure that the trend of the five curves with different γ values along the signal to interference ratio is basically the same, and the change in the γ value does not affect the trend of the SFH/GMSK bit error rate curve. When the signal-to-interference ratio is less than -5 dB, the BER changes little, so it can be seen that for each partial band interference factor γ, there is a worst BER which increases the interference noise. When the power does not increase, the bit error rate increases. Therefore, after the interference noise reaches a certain value, the effect on the interference is not significant. By comparing with [7] , it can be seen that the error rate of SFH/GMSK is smaller than that of FH/BFSK and SFH/4FSK when the interference factor is 0.1; the error rate of SFH/GMSK is smaller than SFH/BFSK when the interference factor is 0.5. The error rate of SFH/GMSK is smaller than SFH/BFSK but bigger than SFH/4FSK when the interference factor is 1.
SFH/GMSK in flat fading channel and frequency selective fading channel are shown in From Figure 4 , we can see that with the increase of SNR, the bit error rate of SFH/GMSK in flat fading channel and frequency selective fading channel is gradually reduced. The curve of frequency-selective fading can be obtained by comparison with Figure 5 -4 in [10] : the BER of SFH/GMSK in the frequency selective fading channel is slightly smaller than the BER of SFH/MFSK. The flat fading channel is compared with Figure 5 -12 in [10] . The error rate of SFH/GMSK in the flat fading channel is much better than the BER performance of SFH/MFSK. Therefore, we can conclude that the performance of SFH/GMSK anti-multipath fading is better than that of SFH/MFSK. The BER of the GMSK/SFH in the Rice fading channel with different K values is shown in Figure 5 . The Rice fading channel parameters are as follows: the amplitude fading weighted by the RICE distribution, the power distribution values: 1, 0.05, 0.05; the delays are 0, 2Tc, 3Tc, where Tc = 0.5ms; the maximum Doppler shift is 160Hz. The figure shows that with the increase of SNR, the BER of GMSK/SFH decreases. When the SNR is constant, the larger the K value is, the smaller the BER is.
The BER of the GMSK/SFH after frequency-selective fading channels in different diversity combining modes is shown in Figure 6 . The multipath channel parameters are as follows: amplitude fading weighted by Rayleigh distribution, the power distribution values: 1, 0.8, 0.5; the number of multipaths is 3; the delay of each path is 0, Tc, 2Tc; fd = 160Hz is the maximum Doppler frequency shift. The figure shows that the BER of GMSK/SFH gradually decreases as the SNR increases, and when the SNR value is less than 0, the BER performances of the three diversity combining modes are approximately equal. And when the SNR value is greater than 0. At the time, the BER performance of the maximum ratio merging method among the three diversity combining methods is the best, with the equal gain combination being the second and the selective merging method the worst. From the simulation results, it can be seen that when the signal-to-noise ratio is too small, the BER is mainly affected by the SNR. Using different diversity combining methods will not play a significant role in optimizing the BER performance when the SNR is reached. At a certain value, the diversity combining mode will play a certain role in optimizing the BER performance. When the SNR is large enough, the channel conditions are better at this time: the impact of noise is small, and the system's BER performance is small. Even better, the diversity combining method at this time will also not play a significant role in improving system performance. Figure 7 shows the bit error rate of SFH/GMSK over a multipath channel and through a RAKE receiver incorporating a maximum ratio. As can be seen from the figure, the BER performance of the SFH/GMSK after passing through the multipath channel can be significantly improved after passing through the RAKE receiver.
Conclusion
Through the above series of analysis, we can draw the following conclusion: SFH/GMSK anti-multipath fading performance is better than SFH/MFSK. Through RAKE receiver, we can 244 further improve the system performance of GMSK/SFH after passing through multipath channel. For partial-band interference, when the interference factor is small, the BER of SFH/GMSK is smaller than that of FH/MFSK; when the interference factor is large, the BER of SFH/GMSK is smaller than the BER of FH/BFSK. However, the BER of SFH/GMSK will be larger than the FH/4FSK bit error rate. Overall, SFH/GMSK outperforms FH/MFSK when it passes short-wavelength channels.
